This paper presents a precision glass-molding process to fabricate planar-integrated micro-optical components (PIMOC) applied to a micro projection display system, optical interconnection system and optical storage system. The PIMOC was designed based on wave propagation theory, and fabricated using a glass molding process. Experimental results are discussed in this article. The experiment showed that the PIMOC fabricated in a vacuum environment meets the design value with precision glass-molding technology (PGMT) at a molding force of 2.75 kN, a molding temperature of 750 C and a cooling rate of 49 C/min. #
Introduction
Previous literature presented the development of precision glass-molding technology (PGMT) in the mass-production of optical components. [1] [2] [3] [4] [5] [6] The planar-integrated microoptical component (PIMOC) consists of multi-optical elements with specific profiles. Because various optical elements can be combined into PIMOC, PIMOC reduces the size of an optical system, such as the micro-projection display, optical interconnection system and optical storage system. There are three methods for fabricating a glass lens; a computer numerical control (CNC) grinding process, precision diamond grinding process, and PGMT. Because the upper profile of PIMOC is concave, it is very difficult to fabricate PIMOC using a precision diamond grinding process. Furthermore, the CNC grinding process is a traditional technique that takes several days to generate a PIMOC. Therefore, both techniques are not the ideal massproduction method.
7) There are several advantages of PGMT, such as short cycle time, high accuracy, and high freedom. However, the PGMT is not only able to fabricate PIMOC with the cycle time of 30 minutes but also able to enhance PIMOC surface quality. Thus, this paper presents the fabrication of high quality PIMOC using the PGMT process, which can be mass-produced.
Fabrication
The ray tracing approach was used to optimize the profiles of functional PIMOC surfaces. Using optical simulation software and wave propagation theorem, the optical parameters of PIMOC were obtained. The parabolic surface of the tungsten carbide (WC) mold was made using precision diamond grinding technology. To reduce adhesion to the WC mold surface, the mold was coated with Pt-Ir film. The optical performance of PIMOC depended on the roughness and geometric deviation of the functional surface. So, parameters must be controlled during the PGMT process.
In this study, the radius of the upper parabolic surface was 42 mm and its corresponding conic constant was À1. The parabolic surface was coated with Ag or Al film to improve the reflection on the total internal surface. The incident beam, reflected by the parabolic surface, focused directly on the microstructure of the bottom surface. The diffracted beam was then reflected back using the parabolic surface and exited through the bottom plane. Figure 1 shows the complete light path of PIMOC.
In the experiment, PIMOC was fabricated using N-BK7 glass in a Toshiba 207HV machine. Because the glass transition temperature (T g ) of N-BK7 was 557 C, the heated temperature and the molding pressure of PGMT process were set at 690 -750 C and 0.25 -2.75 kN, respectively. To avoid the bubbles or voids generated on the surface of PIMOC, the process was performed in a vacuum environment. Figure 2 shows the temperature and pressure of the PGMT process with respect to cycle time. The cooling rate was the critical parameter as can be seen when looking at the adjusted parameters of PGMT, shown in Table 1 . If the Ã E-mail address: msyz@itrc.narl.org.tw OPTICAL REVIEW Vol. 18, No. 1 (2011) 96-98 cooling rate was too fast (>50 C/min), the residual stress induced the PIMOC to crack.
Results and Discussion
The fill rate (fr) is defined using the ratio of glass depth (d g ) and mold depth (d m ) as follows:
If the fill rate does not reach 100%, a bubble defect exists in the PIMOC. The profiles of PIMOC are measured using a Keyence VK9700 confocal microscope; the corresponding fill rates are given in eq. (1). Finally, the optimum fabrication parameters were obtained after several PGMT cycles.
The relationship between the molding temperature, pressure and fill rate of PGMT is shown in Fig. 3 . The fill rate reached 100% when molding pressure was 2.75 kN. When the molding temperature range was controlled between 690 to 750 C, the adhesion of the glass material decreased with increased temperature. Therefore, the glass material was easily deformed at higher temperature. The decreased adhesion caused the deformation of PIMOC and increased the fill rate. The fill rate increased linearly while the molding temperature increased from 690 to 750 C. The fill rate reached 100% when the molding temperature was 750 C. The bubbles and cracks in the PIMOC resulted in noncontinuous PIMIC profiles, as shown in Fig. 4(a) . During the PGMT process of PIMOC, it was necessary to remove the bubbles and cracks by controlling of molding parameters. The optimization conditions, such as reducing the cooling rate below 50 C/min and operating PGMT in a vacuum environment were useful in avoiding cracks and bubbles. The photograph of PIMOC with optimized fabrication parameters is shown in Fig. 4(b) . The surface profile of PIMOC was measured using the precision confocal microscope, and the measured result is shown in Fig. 5 . If the upper profile of PIMOC adheres to the design value, the fill rate was 100%. 
